ABSTRACT The current study investigated the effects of temperature manipulation (TM) during late embryogenesis on temperature preference, response to high environmental temperature, behavior, and performance in young layer chicks. Control (CC) embryos (n = 96) were incubated at 37.8°C eggshell temperature throughout incubation. Thermally manipulated embryos (n = 96) were incubated at 37.8°C eggshell temperature throughout incubation and were exposed to 40°C for 4 h/d from embryonic d 14 to 18 (TM chicks). After hatch, chicks from each treatment were divided into 3 subgroups (n = 32 per group) and were subjected to a temperature preference test at d 1, 7, or 33. One day after the temperature preference test, each subgroup was exposed to 1 thermal challenge for 4 h (d 2, 40°C; d 8, 40°C; or d 34, 35°C). Effects of TM on (fearfulness) behavior of chicks were investigated in a tonic immobility test and during home pen observations. Temperature manipulation decreased incubation time with 7 h (P < 0.0001) and body temperature at hatch with 0.2°C (P = 0.002). The TM chicks preferred a lower ambient temperature in the temperature preference test (P < 0.05) and showed a higher body temperature response than CC chicks to the thermal challenge at d 2 and 8 (P < 0.05). No effects of TM on behavior and performance were observed. Because most TM studies are conducted in broilers, this study is the first attempt to unravel the effects of TM during late embryogenesis on posthatch environmental adaptation in layer chicks. The results demonstrated that effects of our TM on postnatal temperature preference and response to high environmental temperatures are only found until d 8 of age. This may suggest 1 of 3 options: a) the timing or the level, or both, of TM and duration were not at the sensitive period of embryogenesis or not sufficient, or both, respectively; b) the level of the postnatal thermal challenge was not strong enough to induce a hyperthermic response; and c) the postnatal effects of TM in layers are limited in time.
INTRODUCTION
Incubation temperature can have a significant effect on hatchability, chick quality, and later life performance in poultry and is considered to be the most important environmental factor during egg incubation (Decuypere and Michels, 1992; Lourens et al., 2005) . Barott (1937) was one of the first to investigate the importance of incubation temperature and demonstrated that an incubation temperature of 37.8°C resulted in the highest hatchability and chick quality in layers. According to Barott, deviations from this optimum should not be more than ±0.3°C, but it was not demonstrated what the effect of high or low incubation temperatures in certain developmental periods of the embryo could be. During embryogenesis, the development and maturation of functional systems is divided over different periods. Some are maturing early, others late (Decuypere and Michels, 1992) . During certain critical periods in embryonic development, the environment experienced by the embryo can predetermine the actual set point of these functional systems for the entire posthatch life. This can result in epigenetic adaptation (Dorner, 1974; Nichelmann et al., 1999; Tzschentke and Plagemann, 2006) . Epigenetic adaptation is the adaptation of an animal to an expected environment (Nichelmann, 1992) . Incubation temperature is one of the environmental factors that can induce epigenetic adaptation of different physiological control systems.
High or low incubation temperatures at the end of embryonic development can induce epigenetic temperature adaptation (Tzschentke et al., 2004) . Epigenetic temperature adaptation is suggested to be the result of set-point changes in the immature thermoregulatory and feedback mechanisms of the embryo (Arjona et al., 1988) , which result in alterations in the thermoregula-tory threshold response (Yahav, 2009) and increased adaptation to postnatal hot or cold environments. For instance, chicks exposed to high incubation temperatures during late embryogenesis can adapt better to high environmental temperatures posthatch (Tzschentke, 2007 (Tzschentke, , 2008 .
Besides the thermoregulatory system, high incubation temperatures during late embryogenesis might also affect another important control system, the hypothalamic-pituitary-adrenal (HPA) axis (Debonne et al., 2008) . From embryonic d 14 onward, functional development and maturation of the HPA axis occurs (Jenkins and Porter, 2004) . When the HPA axis is fully functional, the secreted adrenocortical steroids have a significant influence on the metabolism of the posthatch chick but also on its development, stress tolerance, and numerous other functions that are important and critical for its growth, posthatch survival, and performance (Jenkins and Porter, 2004) . Increasing incubation temperatures in the period of functional development of the HPA axis are likely to affect the set point of this control system, resulting in long-lasting effects on different body functions and behavior. In summary, high incubation temperatures can affect the posthatch development of chicks, dependent on both the period and duration of the application (Decuypere and Michels, 1992; French, 2000) .
Increasing the incubation temperature during certain developmental periods might also be beneficial for the poultry industry. In practice, standard egg incubation profiles are based on maintaining a constant temperature throughout incubation. As the embryo grows and produces more metabolic heat, the incubation temperature is decreased somewhat to prevent overheating of the embryo, but large changes in incubation temperature do not occur. These constant incubation temperature profiles are mainly aimed at achieving maximum hatchability, but little is known about the consequences of these incubation profiles for chick performance and development in later life. Instead of maintaining a constant temperature throughout incubation, increasing the temperature during certain periods of embryonic development might stimulate the development of different physiological control systems and body functions of the embryo and might thereby increase the adaptation capacity of chicks. Increasing the adaptation capacity of chicks can be beneficial for their performance in different environmental circumstances in later life (Tzschentke and Halle, 2009) .
Previous studies on the effects of manipulation with high temperatures during embryogenesis have primarily been conducted in broiler chickens (Yahav et al., 2004a,b; Piestun et al., 2008 Piestun et al., , 2009 ) and Muscovy ducklings (Nichelmann, 2004) , but the effects in rearing hens have never been investigated. Therefore, we hypothesized that temperature manipulation with high temperatures during certain periods in late incubation in layers could induce epigenetic (temperature) adaptation and affect the adaptation capacity and performance of the chicks posthatch. The current study was performed to investigate this hypothesis by using a temperature manipulation of 40°C for 4 h from embryonic d 14 to 18. Posthatch effects on performance, behavior, temperature preference, and response to high environmental temperatures were investigated.
MATERIALS AND METHODS
All procedures in this study were approved by the Animal Care and Use Committee of Wageningen University in the Netherlands.
Incubation Treatment, Embryo Mortality, and Hatchling Measurements
Two hundred ninety eggs of a Lohmann brown layer breeder flock with an age of 44 wk (Verbeek Hatchery, Lunteren, the Netherlands) were weighed and randomly divided over 2 treatments. Eggs were incubated at a constant eggshell temperature (EST) of 37.8°C and 55 to 60% RH throughout incubation [control (CC) treatment] or at an EST of 37.8°C and 55 to 60% RH throughout incubation but treated for 4 h per day at 40°C from embryonic d 14 to 18 [temperature manipulation (TM) treatment]. The 2.2°C EST increase from 37.8°C until 40°C took approximately 10 min and the 4-h period was calculated from the start of the increase. Incubation occurred in climate respiration chambers and 1 chamber was used per treatment (Verstegen and Henken, 1987; Lourens et al., 2006) . Eggs in both treatments were turned each hour.
At embryonic d 7, infertile eggs or eggs containing dead embryos were removed from the incubator after candling and were visually examined to determine fertility or moment of mortality (Lourens et al., 2006) . At embryonic d 19, eggs of both treatments were placed in individual hatching baskets. The machine temperature applied to obtain an EST of 37.8°C at embryonic d 19 was maintained for the remaining incubation period.
During embryonic d 19, 20, and 21, eggs were checked for hatching every 3 h. Nine-hour-old chicks were collected and BW and chick length (Hill, 2001; Molenaar et al., 2008) were measured and body temperature (T b ) was recorded with a digital thermometer (measurement accuracy ± 0.1°C, MT1831, Microlife, Widnau, Switzerland). After completion of the measurements, chicks remained in the incubator until all eggs had hatched. After the hatching period, the unhatched eggs were removed from the incubator and also visually examined to determine moment of embryonic mortality (Lourens et al., 2006) .
Postnatal Conditions, Temperature Preference, and Thermal Challenge
After hatch, 96 chicks from each treatment were divided into 3 subgroups of 32 chicks per treatment.
TEMPERATURE MANIPULATION DURING LAYER CHICK EMBRYOGENESIS
Groups of 4 chicks of the same incubation treatment were housed in climate respiration chambers (Verstegen and Henken, 1987) in pens containing wood shavings and a perch. Pens were located in a temperature-controlled room [ambient temperature (T a ) = 33°C at d 1 linearly decreasing until 23°C at d 36] with 23 h of light (darkness from 0000 to 0100 h). Water and commercial available feed (202 g/kg of CP, 11.1 MJ of ME/kg) were provided ad libitum.
Each subgroup, consisting of 32 CC and 32 TM chicks, was subjected to 1 temperature preference test and 1 thermal challenge. The temperature preference tests were performed on d 1 (subgroup 1), d 7 (subgroup 2), or d 33 (subgroup 3), followed by a thermal challenge at the subsequent day, thus d 2 (subgroup 1), d 8 (subgroup 2), or d 34 (subgroup 3), respectively. The chicks of subgroups 1 and 2 were removed from the experiment after the thermal challenge (d 2 and 8, respectively), whereas chicks from subgroup 3 were reared until the end of the experiment (d 36). The division into subgroups was necessary to prevent potential thermal conditioning with high temperatures in the transition phase of the chicks, which is approximately until d 10 posthatch (Tazawa et al., 1988; Nichelmann and Tzschentke, 2002) .
Temperature preference of the chicks was measured during a test, based on the method of Myhre et al. (1975) . A wooden box (160 × 60 × 50 cm) with a Plexiglass lid and wood shavings on the bottom contained 24 temperature sensors divided over the floor area. Two infrared lights (250 W) were placed on one side of the box, creating a temperature gradient from 20 until 50°C over the entire length of the box. Ambient temperature in the box was recorded by all 24 sensors each minute and was sent to a computer database. Video cameras were placed above the box to record every test. Four chicks from the same pen were placed in the middle of the box and observed for 30 min. The location of the chicks was written down at the end of each test and the T a of each location could be calculated with the temperature sensor data. Body temperature was measured before and after the temperature preference test.
For the thermal challenge, chicks were transported to another climate respiration chamber where they were housed in the same social group of 4 chicks per pen. The T a was increased for 4 h to 40°C at d 2 and 8 and to 35°C at d 34. The T a was lower at d 34 to prevent mortality at this age. Relative humidity was maintained at 55 to 65% during all thermal challenges. The T b was measured before, right after, and 30 min after the thermal challenge.
During the experiment, BW and feed intake of chicks in subgroup 3 were measured weekly.
Behavior
Tonic Immobility Test. Two individuals from each pen in subgroup 3 of the TM and CC treatments were subjected to a tonic immobility (TI) test (Jones et al., 1994) at d 14 posthatch to measure fearfulness behavior. Chicks were restrained for 15 s to induce TI. When induction was not successful, the procedure was repeated until a maximum of 4 restraints per individual. Unsuccessful induction of TI resulted in a score of 0 s. When induction was successful, the duration was recorded for a maximum of 600 s. The recording ended after the chicken righted itself, or when the time limit was reached. In the latter situation, the score given was 600 s.
Home Pen Behavior. To measure behavioral differences in the home pen environment, behavior in subgroup 3 was observed at 1 d in wk 1, 2, and 3 using a 2-min scan sampling method (Altmann, 1974 ) from 0900 until 1200 h. With this method, each chick's behavioral state (Table 1 ) was recorded every 2 min for 3 h. Thus, within a sampling interval of 2 min, every chick (64 in total, 4 per cage) was scored once. This resulted in a total of 90 behavioral state scores per chick per day. After the observation, the percentage of time spent on a certain behavior was calculated from the data.
Statistical Analysis
For statistical analysis, we used SAS software (SAS Institute Inc., Cary, NC). Differences in hatchability, embryonic mortality, and number of TI inductions were analyzed with the χ 2 test for the effect of EST treatment. Incubation time, BW at hatch, T b at hatch, chick length at hatch, TI duration, and temperature preference were analyzed with PROC GLM with EST treatment as fixed effect. Differences in T b before and after the temperature preference test and thermal challenge were analyzed with a PROC MIXED for repeated Gently pecking the feathers of a pen mate measurements with EST treatment, time, and their interaction as fixed effects. A PROC MIXED for repeated measurements was used for BW and feed intake to determine effects of EST treatment, time, and their interaction. Body temperature before and after thermal challenge, TI duration, and overall feed intake data were transformed with a log 10 transformation to obtain normal distributed data. Data are presented as means ± SE in tables and figures. Behavioral data from home pen observations were transformed with an arcsine transformation and analyzed with PROC MIXED for the effects of EST treatment, time, and their interaction. Nonsignificant interactions were excluded from analysis by stepwise deletion. Effects were considered significant at P < 0.05.
RESULTS

Hatch
Temperature manipulation during embryonic d 14 to 18 did not affect embryonic mortality, hatchability, BW at hatch, and chick length (Table 2) but decreased incubation time with approximately 7 h (P < 0.001). Average T b of TM chicks at hatch was 0.2°C lower compared with CC chicks (P = 0.002). Hatched chicks were divided in early (469 to 478 h), mid (481 to 487 h), and late (490 to 498 h) hatchers. Late hatchers had a significant higher T b (40.1°C) compared with early and midhatchers (39.2°C), independent of their incubation treatment (P < 0.001). In addition, there was a higher percentage of early hatchers in the TM treatment (36.5%) compared with the CC treatment (8.3%), whereas there was a higher percentage of late hatchers in the CC treatment (46.8%) compared with the TM treatment (8.3%).
Temperature Preference Test
The temperature preference test was performed at d 1, 7, and 33 posthatch. Only data of d 1 and 7 were used in the analysis because the preference box was too small for reliable measurements at d 33. The TM chicks had a lower preferred T a at d 1 (P = 0.002) and d 7 (P = 0.03) posthatch compared with CC chicks (Table 3) . At d 1 and 7 in both treatments, T b was lower before the temperature preference test compared with after the test (P < 0.001). In addition, no differences in T b before and after the test were found between incubation treatments. 
Thermal Challenge and BW and Feed Intake
After 4 h of thermal challenge, the TM chicks had a higher T b than the CC chicks at d 2 (P = 0.03) and d 8 (P = 0.05), but not on d 34 (P = 0.44) (Figure 1 ). At d 2, the difference in T b between treatments was still present 30 min after the thermal challenge (P = 0.001), whereas this difference was absent at d 8 and 34. The T b before the thermal challenge at d 2, 8, and 34 did not differ between the TM and CC chicks No differences in BW and feed intake were observed between TM and CC chicks throughout the experiment (results not shown).
Behavior
Neither TI duration (P = 0.90) nor the number of TI inductions (P = 0.75) was affected by incubation treatment. The TM chicks had an average TI duration of 142.0 ± 41.18 s (1.25 ± 0.11 inductions) compared with 121.69 ± 23.88 s (1.31 ± 0.15 inductions) in CC chicks.
No significant differences in behavior between CC and TM chicks were observed during the home pen observations (Table 4) .
DISCUSSION
The objective of the current study was to investigate effects of TM during late embryogenesis on temperature preference, response to high environmental temperatures, performance, and behavior in young layer chicks. Temperature manipulation during late embryogenesis reduced incubation time of the embryos, which is similar to previous studies on TM during incubation (Decuypere, 1984; Janke et al., 2002; Yahav et al., 2004a,b) . In addition, the TM treatment resulted in chicks with a 0.2°C lower T b at hatch. This difference in T b can probably be explained by the hatch distribution. More early hatchers with a lower T b were observed in the TM treatment, whereas more late hatchers with a higher T b were observed in the CC group.
There were no indications that the TM treatment had negative effects on survival and viability of embryos because embryonic mortality and hatchability did not differ between incubation treatments. Other studies on TM during embryogenesis found conflicting results on hatchability, which might be related to differences in timing, load, and duration of the manipulations (Yahav et al., 2004a,b; Collin et al., 2005) . In our study, BW at hatch and chick length were not affected by the temperature treatment, which indicates that chick quality did not differ between CC and TM chicks.
Temperature manipulation in the current study decreased the preferred T a of chicks compared with CC chicks at d 1 (subgroup 1) and d 7 (subgroup 2) posthatch. This suggests that TM has affected the thermoregulatory system in a positive manner because previ- ous studies have shown that it is beneficial to prefer lower temperatures under nonchallenging conditions as part of a thermal strategy to save energy (Tzschentke, 2007) . Interestingly, the T b of both CC and TM chicks was lower before the temperature preference test than after the test, whereas the chicks preferred a T a that was lower than their housing temperature. The reason for this increase in T b is unknown; however, it might be stress-related because chicks were handled 2 times before the test, their T b was measured, and they were placed in a new environment.
When the chicks were exposed to a thermal challenge of 40°C (4 h) at d 2 (subgroup 1) and d 8 (subgroup 2), TM chicks had a higher T b response compared with CC chicks. In contrast, the thermal challenge of 35°C for 4 h at d 34 of age did not result in any differences in T b response between TM and CC chicks. The differences in response to the thermal challenge between TM and CC chicks until d 8 of age also indicate that the thermoregulatory system has been affected by the TM applied. This confirms our hypothesis. However, in contrast to the chicks' responses in the current study, Tzschentke (2007) demonstrated that embryos exposed to high temperatures (38.5°C) during late incubation had a preference for higher T a and the study of Yahav et al. (2004a) demonstrated a lower T b response to thermal challenge in chicks exposed to TM during late embryogenesis.
The major difference between these studies and our study is that we did not use a meat-producing breed but rather a layer breed. Laying hens are probably more efficient in coping with heat stress and losing heat due to their smaller body size, lower metabolism, and growth compared with meat-producing breeds at the same age. It is therefore possible that the thermoregulatory adaptive response was not challenged in this study because the temperature during the thermal challenge was not high enough to induce a strong hyperthermia. When investigating thermal tolerance, a strong hyperthermia is needed to demonstrate any differences between the treatments applied. In the current study, the T b of thermally challenged chicks increased with only 0.3°C at d 34, which cannot be referred to as a hyperthermic response.
Previous studies have demonstrated that TM during embryonic development can affect postnatal neuronal thermosensitivity (Piestun et al., 2008) by changing the thermoregulatory threshold response (Yahav, 2009 ). The differences in temperature preference between TM and CC chicks do suggest that TM has affected the thermoregulatory system; however, to support this hypothesis, we would also need more information on physiological parameters (triiodothyronine, thyroxine, and corticosterone) during the temperature preference test (and thermal challenge).
Furthermore, we hypothesized that TM in the current study might affect the behavior and later life performance of the chicks because it was applied during a sensitive period of HPA axis development and maturation (Jenkins and Porter, 2004) . However, no differences in BW, feed intake, and behavior were found. It is possible that the timing or duration of TM in this study was not optimal to change any future responses related to the functioning of the HPA axis. Increasing the incubation temperature for a longer period or perhaps adjusting the timing of the manipulation in future experiments could give some more information.
To our knowledge, there are no studies available on the effects of TM with high temperatures during embryogenesis in layers. Therefore, the current study is the first attempt to unravel the effects of TM with high temperatures during late incubation on posthatch environmental adaptation in layer chicks. Effects of our TM on postnatal temperature preference and response to high environmental temperatures are only found until d 8 of age. This may suggest 1 of 3 options: a) the timing or the level, or both, of TM and duration were not at the sensitive period of embryogenesis or sufficient, or both, respectively; b) the level of the thermal challenge was not strong enough to induce a hyperthermic response; and c) the postnatal effects of TM are limited in time. Table 4 . Percentage (mean) of observations spent on behavior types during a 2-min scan sampling interval from 0900 to 1200 h in wk 1, 2, and 3 of control incubated chicks (CC) and chicks exposed to temperature manipulation during late incubation (TM) Behavior (%) 
